Drought is a recurrent phenomenon in many of the countries. Moisture stress during seedling stage is very critical in determining the establishment of the crop and its further development and yield. Identifying drought tolerance mechanism and physiological markers of drought susceptibility is this crop during seedling stress would be useful tool in future genetic manipulation programme to establish drought tolerance in this crop. Thus the present study aimed for quickly identifying reliable physiological markers for drought susceptibility through evaluation of physiological and biochemical changes in leaves of two contrasting mungbean (Vigna radiata L. Wilczek) cultivars i.e. K 851 (drought tolerant) and PDM 84-139 (drought susceptible) during seedling development. A range of four external water potentials (i.e. −1.0, −2.0, −3.0 and −4.0 bars), besides glass distilled water as control (0.0 bar), was used. Parameters like leaf area, relative leaf water content, chlorophyll content, chlorophyll stability indices in both the cultivars were decreased with the increasing magnitude of stress. By and large phenols and ascorbic acid content were increased with the stress level but the trend was not consistent. A steady rise in proline, hydrogen peroxide content and lipid peroxidation was found with water stress. Out of two cultivars tested, drought tolerant cultivar K 851 was better in leaf water balance and higher accumulation of phenols, proline and ascorbic acid than PDM 84-139. The correlation study indicated lipid peroxidation and H 2 O 2 content as valuable physiological markers for screening of drought susceptibility.
Introduction
The abiotic stresses such as drought, low or high temperature, salinity, flooding, shade or high light levels, inorganic nutrient imbalance, man-made toxic compounds and oxidative stress [1] cause losses worth hundreds of million dollars each year due to reduction in crop productivity and crop failure. Among the environmental stress water stress is the second contributor of yield reduction after disease [2] . Water is required in a number of physical, physiological and biochemical processes of the plant. Water stress is the most widely operative stress that causes heavy loss in productivity of crops every year. In general, drought stress induces an array of morphological, physiological, biochemical, and molecular responses associated with growth, development, and economic yield of a crop [3] .
Seedling growth that determines the crop establishment and stands in the field is considered to be most critical for raising a successful agricultural crop, as they determine the crop stand density and establishment of the resultant crop, especially under abiotic stresses [4] .
Among the pulse crops, Mungbean (Vigna radiata L. Wilczek) has a special importance of intensive crop production due to its short growth period. It is predominantly cultivated as rainfed crop under Indian context and as a result, the crop has become sudden victim of drought at various phases of growth and development. The crop is potentially useful for improving cropping pattern as it can be grown as a cash crop due to its rapid growth and early maturing characteristics. Drought problems for mungbeans are worsening with the rapid expansion of water stressed areas of the world including 3 billion people by 2030 [5] . Crop yield of mungbean is more dependent on an adequate supply of water than any other single environmental factor [6] . Therefore, cultivation of drought-tolerant mungbean varieties plays a vital role in the future research. The physiological screening and the cultivar identification are establishing theoretical and practical foundation for drought-tolerant breeding of mungbean.
Leaves are the most sensitive part of plant to drought and at the same time, they are the most essential organ for the manufacture of food. Drought stress leads to water deficit in leaf tissues, thus affecting many physiological processes with ultimate consequences on the growth and development of the plant. Changes in morpho-physiological parameters like leaf rolling, reduction in leaf area, stomatal closure, decreased stomatal conductance, reduced chlorophyll content, limited internal CO 2 concentration, reduced photosynthesis [7] and metabloic parameters like changes in solute concentration, lipid peroxidation, glutathione and ascorbate levels are very critical, and have been reported to be involved in either tolerance and/or avoidance under water stress [8] [9] . Though chlorophyll fluorescence had been used an indicator parameter for assessment of drought survival in recent times but there was no association between chlorophyll fluorescence and yield under drought stress [10] . Drought tolerance is seen in almost all plants but its extend varies from species to species and even within species [11] . Breeders instinctively look for new sources of variations when attempting to improve plants, but tolerance to drought stress is very complex, due to the intricate of the interactions between stress factors and various molecular, biochemical and physiological phenomena affecting plant growth [12] .
Current insight indicates that tolerance of plants to drought involves multifaceted physiological paradigms with great variation of stress tolerance at intra-specific and inter-specific levels leading to difficulties in identifying single criteria which could effectively be used as selection target. Rather it would be most meaningful, if physiological and biochemical stress markers for individual species are determined since most of the above indices have limited application for selection of drought tolerance at early growth stages [13] . Hence, present study of comparative account of morpho-physiological parameters and biochemical constituents in leaves of two contrasting mungbean cultivars would identify the basic causes of drought injury and probable mechanism behind the tolerance to water stress. The correlation analyses among the various parameters would be worthy to quickly identify leaf based reliable physiological markers for drought susceptibility, and the generated information would be handy in future genetic manipulation programme to establish drought tolerance in this crop.
Materials and Methods

Seed Materials
Mungbean (Vigna radiata L. Wilczek) cultivars, K 851 (drought tolerant) and PDM 84-139 (drought susceptible) were selected from a laboratory screening [14] with sixteen mungbean cultivars collected from the Project Coordinator, All Indian Coordinated Research Project on MULLaRP, Indian Institute of Pulses Research, Kalyanpur, Kanpur, U.P., India. Seeds of uniform size were surface sterilized with 0.1% (w/v) HgCl 2 for two minutes and then washed thoroughly with glass distilled water. A range of four external water potentials (viz. −1.0, −2.0, −3.0 and −4.0 bars) were prepared by using polyethylene glycol (PEG) 6000 as per methods of Michel and Kaufmann [15] .
Seedling Development
Surface sterilized seeds of mungbean cultivars were soaked in different PEG solutions separately for five hours. Pre-soaked seeds were then allowed to develop seedlings in respective PEG solutions for six days under in-door laboratory conditions following standard glass plate technique [16] . Surface sterilized seeds treated similarly with glass distilled water served as control (0.0). All observations were recorded from six-day-old seedlings, as they survive better up to six days under this cultural condition utilizing cotyledonary reserve food materials, and beyond which seedlings enter into senescence. On sixth day, seedlings were removed from glass plate under respective solutions, and leaves were separated and the following morpho-physiological and biochemical studies were conducted with randomized primary leaf samples from the treated and control seedlings of the two cultivars. For dry weight whole seedlings were taken separately from another set of experiment and then dried in a hot air oven at 80˚C ± 2˚C for 72 hours. Tolerance index was calculated as per formula given by by Maiti et al. [17] .
Measuring Leaf Area and Stomatal Parameters
Paired primary leaves from six days old seedlings were collected. Leaf area was determined by using a mm graph paper. By counting the number of large, medium and small squares, the total area of the individual primary leaf was determined. Upper and lower epidermal layers were peeled off from 6 days old primary leaf whose area was already drawn over graph paper. The epidermal peels were stained with 0.1% saffranin from which stomatal frequency and stomatal index were determined with the help of Karlzeiss microscope. Stomatal frequency was determined as equal to number of stomata per sq·cm. of leaf area. Stomatal index was calculated as per formula S/(S + E) × 100; where, S = Number of stomata per unit area, E = Number of epidermal cells in the same unit area.
Determination of RWLC
Relative leaf water content (RLWC), defined as water content of tissue as a percentage of that of the fully turgid tissue. Fresh leaf samples were cut into small pieces and their fresh weight was taken. Subsequently, they were immersed in double distilled water at 28˚C ± 1˚C for four hours and their turgid weight was recorded. These leaves were then dried at 80˚C ± 1˚C in a hot air oven for 48 hours and dry weight was taken. RLWC was determined by employing the formula given by Barrs and Weatherley [18] .
Chlorophyll Content and Chlorophyll Stability Index (CSI)
Chlorophylls were extracted by 80% (v/v) acetone following percolation method of Hiscox and Israelstam [19] and determined spectrophotometrically at wavelengths 645 nm and 663 nm, after the chlorophyll extraction had been completed as indicated by discoloration of leaf samples and the amount of chlorophyll a, chlorophyll b and total chlorophyll were calculated according to Arnon's [20] formula. Chlorophyll stability index was estimated according the formula given by Sairam [21] .
Malondialdehyde Content (Lipid Peroxidation)
The level of lipid peroxidation was measured following the thiobarbituric acid (TBA) test which determines malondialdehyde (MDA) as an end product of lipid peroxidation [22] . Freshly harvested seedling sample (0.5 g) was homogenized in 4 ml of 1% trichloroacetic acid (TCA). The homogenate was centrifuged at 10,000 rpm for 10 min. The supernatant was added to 1.0 ml of 0.5% (w:v) thiobarbituric acid (TBA) in 20% TCA. The mixture was incubated at 95˚C for 30 min and then quickly cooled in an ice bath. After centrifugation at 10,000 rpm for 10 min, the absorbance of the supernatant was recorded at 532 nm using a UV-VIS spectrophotometer. The value for non-specific absorption at 600 nm was subtracted from the value recorded at 532 nm. The MDA-TBA complex (pink pigment) content was calculated using its extinction coefficient of 155 mM −1 cm −1 and expressed as nmol (MDA) g −1 fresh weight.
Proline Content
Proline content in the leaf was estimated according to the method of Bates et al. [23] (1973). The leaf samples were homogenized with 3% sulphosalicylic acid and centrifuged at 10,000 rpm for 15 minutes. Two ml of the extract were mixed with 2 ml glacial acetic acid and 2 ml ninhydrin solution. The mixture was heated in a boiling water bath for one hour and the reaction was terminated by placing the mixture tube in ice bath. Four ml of toluene was added to each tube, shaken well and the absorbance of the separated toluene layer was read at 520 nm in a Spectronic 20 Genesys spectrophotometer and proline content (µg•g −1 fresh weight) was determined using a standard curve obtained with known concentrations of proline.
Total Phenol Content
Total phenol was extracted through homogenizing 100 mg leaf samples with 20 ml methanol, transferring the homogenate to 100 ml conical flask, refluxing on boiling water bath for 30 min and centrifuging at 10,000 rpm for 15 minutes followed by cooling. Total phenol content in the extract was determined according to Swain and Hillis [24] . The solution absorbency was determined after reaction with Folin-Denis reagent and addition of 2 ml saturated Na 2 CO 3 at 650 nm in a Spectronic 20 Genesys spectrophotometer. Total phenol content was estimated in catechol equivalent comparing with a standard curve obtained with catechol.
Ascorbic Acid Content
Ascorbic acid was isolated by extraction with 6% trichloroacetic acid from 100 mg leaf tissue, following the method described by Mukherjee and Choudhuri [25] . Four ml of the extract was mixed with 2 ml of 2% (w/v) 2, 4 dinitrophenylhydrazine, followed by the addition of 1 drop of 10% (w/v) thiourea solution (in 70% ethanol). The mixture was boiled for 15 minutes in a water bath and after cooling at room temperature, 5 ml of 80% (v/v) H 2 SO 4 was added to the mixture at 0˚C. The absorbance of the solution containing the hydrazine complex was read at 530 rpm in a Spectronic 20 Genesys spectrophotometer. The concentration of ascorbic acid was calculated from a standard curve prepared with known concentrations of ascorbic acid.
Hydrogen Peroxide
Hydrogen peroxide (H 2 O 2 ) was estimated with titanium reagent as described by Teranishi et al. [26] . Plant sample (0.5 g) was homogenized in 10 ml of cold acetone. The homogenate was filtered through Whatman No. 1 filter paper. To the filtrate, 4 ml of titanium reagent was added, followed by addition of 5 ml ammonium solution to precipitate the peroxide-titanium complex. The reaction mixture was centrifuged at 10,000 rpm for 10 minutes. Supernatant was discarded and the precipitate was dissolved in 10 ml of 2 M H 2 SO 4 . It was re-centrifuged to remove the undisclosed material and absorbance was recorded at 415 nm against a reagent blank. The concentration of hydrogen peroxide (H 2 O 2 ) was determined by referring to a standard curve made from known concentrations of H 2 O 2 . All morho-physiological and biochemical parameters were expressed as the means of three replicates and significant differences between treatments were analyzed using analysis of variance (ANOVA) following the method as described by Panse and Sukhatme [27] . All the statistical analyses were done by using XLSTAT. For correlation analysis, the index values (viz. tolerance index, chlorophyll stability index) under control were considered as 1.00 since index was the ratio of treatment value to respective control value for a particular cultivar.
Results and Discussion
Data presented in Table 1 revealed that seedling growth in terms of fresh and dry weight of different parts of the seedlings of both K-851 and PDM-84-139 declined with increasing moisture stresses in most of the cases with little exception in root dry weight at some of the tested external water potentials in case of K-851. Out of the two cultivars, K-851 was found to be least affected in terms dry weight of seedling by decreasing external water potential than PDM-84-139. Adverse effects of water stress on fresh and dry weight of seedling might be due to lower dry matter partitioning between cotyledons and embryonic axis under simulated water stress conditions during seedling growth. Thakur and Rai [28] reported a significant decline in fresh and dry weight of maize seedlings with decreasing external moisture potential. This was further confirmed by Baalbaki et al. [29] in wheat and De et al. [30] in two Vigna species. Maximum value of drought tolerance index was found in cv. K-851 in comparison to cv. PDM 84-139 under any of the respective water potential (Figure 1) . The findings of significant variability among the cultivars in respect of tolerance indices coincide with the reports of Maiti et al. [17] .
Leaf area was found to decline with increasing moisture stress in both the mungbean cultivars ( Table 2 ). The cultivar K 851 showed higher leaf area as compared to PDM 84-139 in all the external water potentials tested. Although a higher percentage of reduction in leaf area over control in K 851 in comparison to PDM 84-139 under mod At particular water potential, higher RLWC is an indication of drought tolerance through osmoregulation. Drought resistant plants are likely to be less sensitive to changes in external water potential with a relatively small decrease in relative water content than plants which are more susceptible to drought [34] .
It is evident from Table 2 that relative leaf water content (RLWC) of both cultivars decreased significantly over control as the external water potential was lowered. However, the cultivar K 851 showed higher RLWC in comparison to the cultivar PDM 84-139 in control as well as in all of the given external water potential treatments. Percent reduction in RLWC over control was found to be more in PDM 84-139 than K 851. Thus higher RLWC of K 851 at a particular level of water stress indicated that K 851 had more tolerance to drought than PDM 84-139. The differences in RLWC between the two cultivars might be attributed to the differences in their survival under drought stress conditions [32] .
Stomatal frequency or the number of stomata per unit leaf area for upper as well as lower surface of leaves was also found to decrease along with the decreasing moisture potential for both the varieties ( Table 2 ). The cultivar K-851 was found to contain higher stomatal frequency in most of the cases compared to PDM-84-139. However the stomatal index of primary leaf of 6 days old mungbean seedling of both varieties did not follow any pattern with increase in moisture stress. It was evident that K-851 maintained a lower stomatal index values in the lower surface of leaf at highest level of moisture stress than PDM 84-139.
A steady decreasing pattern in chlorophyll a, chlorophyll b and total chlorophyll contents with the increasing moisture stresses in both the cultivars was noticed (Table  3) . It was further observed that total chlorophyll content of two cultivars differed significantly from each other and the cultivar K 851 was found to have higher levels of chlorophyll at all the water potential treatments than PDM 84-139. It is evident from the data that water stress increased chlorophyll a/b ratio in both the cultivars and K 851 was found to maintain lower chlorophyll a/b ratio than PDM 84-139 at all the external water potentials tested. The results also revealed that chlorophyll stability index (CSI) declined with lowering external water potential in the cultivars. Out of the two cultivars tested, K 851 was observed to have greater CSI values as compared to PDM 84-139 at all the moisture potential treatments. The decrease in total chlorophyll contents could be typical symptom under drought stress and it may be attributed to the destruct- Table 3 . Changes in chlorophyll-a, chlorophyll-b, total chlorophyll, chlorophyll-a/b ratio and chlorophyll stability index (CSI) in the 6 days old seedlings of two mungbean cultivars grown under different osmotic potentials (data expressed as mg g −1 fresh weight). tion of fine structure of the chloroplasts and/or instability of the pigment protein complex [9] . It might also be due to increase in chlorophyllase activity under water stress conditions [35] . The results of decreasing chlorophyll content with the rise in osmotic stress were observed earlier [36] [37]. Higher chlorophyll content in K 851 than PDM 84 -139 under osmotic stress conditions might be due to differences in their tolerance level [38] . Increasing chlorophyll a/b ratio under water stress might be attributed to lower destruction of chlorophyll a than chlorophyll b under such stress. Decreasing chlorophyll stability index (CSI) with increasing stresses might be due to premature senescence of leaves [39] . Higher values of CSI in K 851 in comparison to PDM 84-139 indicated the comparatively higher tolerance of K 851 to drought which again might have bearing on photosynthesis and ultimately producing higher yield. Data presented in Table 4 showed that proline content increased with decreasing water potential at all stages of observation irrespective of cultivars tested. The results indicated that phenols content increased with increasing stress levels in both the cultivars. The data also revealed that phenol content in K 851 was higher than PDM 84-139 particularly at later stages. The cultivar K 851 was found to maintain relatively higher proline as well as phenol content as compared to PDM 84-139 in respective water potential treatments and stages of seedling development. The findings of higher proline accumulation in K 851 than PDM 84-139 might indicate the differences in their survival under drought stress conditions as proline is considered to be involved in adaptation mechanisms under drought stress. Apart from their osmoregulatory role, proline has protective function for enzymes in the cytoplasm through binding water to the proteins and thus maintaining their hydration. Proline accumulation in stressed plants was reported by Naidu et al. [32] and Anaytullah et al. [40] . Furthermore, Sivakumar et al. [41] reported that proline could be used as biochemical marker for drought tolerance. Ascorbic acid contents in both the cultivars were decreased with increasing moisture stress ( Table 4 ). K 851 was found to have higher ascorbic acid content as compared to PDM 84-139 in most of the cases under respective water potential treatments. Hydrogen peroxide (H 2 O 2 ) contents were found to increase in both cultivars with decreasing moisture potentials (Table 4) . When cultivars were compared, higher accumulation of H 2 O 2 was observed in PDM-84-139. The decline in ascorbic acid content due to water stress might be ascribed to a rise in ascorbic acid oxidase activity, which causes oxidation of ascorbic acid. The decline in ascorbic acid content might also be correlated with increase in hydrogen peroxide content under water stress [42] , since ascorbic acid is associated with hydrogen peroxide scavenging via ascorbate peroxidase-glutathione reductase linked reactions. Water stress induced reduction in ascorbic acid content was reported by Sairam and Srivastava [43] in wheat, where it was also noticed that ascorbic acid content in tolerant genotypes of wheat was higher than susceptible ones under water stress.
It was found that MDA content followed an increasing trend under increasing magnitude of water stress in both cultivars (Table 4) . However, the increase in MDA content was found to be higher in PDM-84-139 compared to K-851 in all the cases. Toxic active oxygen species determine metabolic alternations in cellular membrane system as a consequence of the peroxidation of the lipid layer of the membrane [44] . Increased lipid peroxidation as a result of oxidative stress and consequently cell membrane injury were reported by various workers [43] [45] .
Increase in phenolic content could be due to increase in phenylalanine-ammonialyase (PAL) activity during water stress, as PAL is the key enzyme involved in the synthesis of phenolic compounds via phenylpropanoid pathway [46] . Higher accumulation of phenols in K 851 suggests its function as better cellular adaptive mechanism for preventing sub-cellular damages during stress. Accumulation of phenol in plants under biotic and abiotic stresses constitutes a part of cellular solutes and provides a reducing environment to the system [47] . But present study clearly indicates that phenols may play an adaptive role under stress but it would not be considered as major factor for tolerance.
Correlation Analysis
Simple correlation analysis among the various physiological and biochemical parame-ters in mungbean under water stress revealed positive correlation of tolerance index (TI) with ascorbic acid, CSI, leaf area, RLWC, stomatal frequency (lower) and negative correlation with MDA content and hydrogen peroxide content (Table 5 ). Higher correlation value of TI with both CSI and RLWC proves that CSI and RLWC play very important function to impart tolerance through sustaining chlorophyll status and leaf water balance, respectively under water stress [32] [38] . The most prominent finding was the negative correlation between phenol content and tolerance index. The MDA (lipid peroxidation) and H 2 O 2 content have strikingly shown maximum numbers of significant association in the correlation analysis. Hence the present study clearly indicates that free radical mediated lipid peroxidation as the central cause of drought injury. Bor et al. [48] reported that lipid peroxidation might be considered as an indicator of the extent of oxidative damage under stress. Drought stress affects many physiological processes of plants due to accumulation of reactive oxygen species (ROS) like superoxide radical (O . − ), hydrogen peroxide (H 2 O 2 ), hydroxyl radical (OH . − ) etc. [49] . Tolerances to drought stress in plants have also been reported to be associated with an increase in activity of antioxidant system to protect against ROS mediated damages [50] . These two leaf parameters might be effective physiological indicators for screening of drought susceptibility. 
Conclusion
Lack of accurate screening indicator is a limiting factor to develop drought tolerant mungbean cultivars and also a constraint for mungbean productivity. Though several researchers have been in constant research in identifying several physiological markers and incorporating them through breeding in several cultivars, success is very meagre as most of these traits involve multifaceted physiological paradigms. Water stress has an adverse effect on morph-physiological characters of leaves of this crop. However, the magnitude of growth retardation and injury caused by water stress vary significantly among the cultivars. K 851 showed greater tolerance to drought which seemed to be due to better leaf water balance, chlorophyll stability as well as higher accumulation of proline, phenols and potent antioxidant like ascorbic acid. From the correlation study, it is concluded that lipid peroxidation and H 2 O 2 content might be considered as potent physiological markers for drought response study in mungbean at its early seedling stage. The genotype with drought tolerance traits may be used in future genetic manipulation programmes to establish drought tolerance in this crop.
